Two-dimensional thermoelectric materials with a figure of merit ZT , which is greater than 3.0 at room temperature, would be highly desirable in energy conversion since the efficiency is competitive to conventional energy conversion techniques. Here, we propose that the indium triphosphide (InP3) monolayer offers an extraordinary ZT of 3.5 at 300 K by using quantum calculations within the ballistic thermal transport region. A remarkably low and isotropic phononic thermal conductance of about 0.19 nWK −1 is founded, which is due to soft lattice vibration modes. This low thermal conductance takes a major responsibility to the impressively high ZT . These results suggest that the InP3 monolayer is a promising candidate for low dimensional thermoelectric applications.
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I. INTRODUCTION
Thermoelectric (TE) materials can realise direct energy conversion between heat and electricity, and have many potential applications in power generation and heat pumping 1 . The efficiency of thermoelectric materials is determined by the dimensionless figure of merit, ZT =
GS
2 T κe+κp , where G is the electric conductance, S is the seebeck coefficient, T is the absolute temperature and κ p(e) is the phononic (electronic) thermal conductance 2 . Great efforts have been put into finding thermoelectric materials with high ZT value. So far, a recorded ZT value of 2.6 of bulk material is reported in the single crystal SnSe 3 . Whereas at the nanoscale, quantum confinement can substantially reduce the phononic thermal conductance, thus lead to a considerable enhancement of the thermoelectric efficiency in nanostructures. There are great interests since the ground-breaking experiments which indicate that rough silicon nanowire can be an efficient thermoelectric material 4 . Currently, there are great interests for thermoelectricity in 2D materials, such as the graphenene, silicenene, black phosphorus and transition-metal dichalcogenides, due to their attractive electronic properties and thermal transport properties [5] [6] [7] [8] [9] [10] [11] . For example, theoretical calculation has shown that the ZT of silicene nanoribbon is close to 2.5 at 90 K.
8 A large ZT of 2.8 at 800 K has been predicted for the monolayer SnSe. 12 Such excellent thermoelectric performances of 2D materials, however, were obtained when temperature were far away from the room temperature.
In reality, 2D thermoelectric materials with a high ZT at room temperature will largely facilitate their utilizations, such as cooling and electricity generation. Unfortunately, the thermoelectric efficiency in the pristine 2D materials at room temperature is relatively poor, as the ZT is typically less than 2.0.
For instance, the ZT of graphene is close to 0.01 13 , and those of the 2D black phoshporene and blue phosphorene are about 0.2 and 1.0, respectively. 7 Moreover, 2D MX 2 ( M = Mo, W; X = S, Se) monolayers have ZT < 2 at 300 K as predicated by theoretical calculation. 6 So far, for the pristine 2D materials, the highest ZT at room temperature is 2.15, which is calculated for the monolayer buckled antimonene 14 . There are several methods that can be used to improve the thermoelectric efficiency in 2D materials, including defects and strain engineering, chemical doping and heterostucure 15 . For instance, the ZT of graphene can be improved impressively to around 3.2 at room temperature using a layered structure with the phonon blocking materials 16 . Besides, the ZT of the antimonene can be largely improved from less than 0.1 to about 0.6 at room temperature by n-type doping 17 . Even though, new 2D materials with a better thermoelectric efficiency at room temperature are still highly desirable in order to facilitate their real applications.
In this work, we investigated the thermoelectric properties of the InP 3 monolayer, a newly predicted 2D material with remarkable electronic properties 18 , by using density functional theory combined with the non-equilibrium Green's functional formalisms (NEGF-DFT) 19 . We obtained a large ZT of 3.5 at 300 K, due to the low thermal conductivity.
II. MODEL AND METHODS
The primitive cell of the InP 3 monolayer is presented in Figs. 1(a,b) , which is composed of two In atoms and six P atoms bonded via covalent interactions with a hexagonal structure, similar to the silicene. The lattice constant of the InP 3 monolayer is 7.55Å optimized by VASP code, 20 which is consistent with the previous theoretical calculation 18 . Us-ing this primitive cell, we calculated both the electronic and thermal transport properties of the InP 3 monolayer, and then obtained its thermoelectric properties. The details of the simulation methods are described in the following.
Energy (eV) We optimize the lattice constant and obtain a force-constant calculated by VASP code 20 , and construct the dynamic matrix for the phonon spectrum calculation. During the optimization, the atoms are fully relaxed until the maximum force is less than 0.005 eV/Å. The plane wave was used for wave function expansion with a cutoff energy of 400 eV. The projector augmented-wave method 21 was used for describing core electron. The PW91 version of the generalized gradient approximation (GGA) was used for the electron exchange and correlation functional 22 . In structure relaxing, a 9 × 9 × 1 k sampling was used. For calculating force-constant, a 3 × 3 × 1 supercell was used, and k sampling reduced to 3 × 3 × 1. Both the electronic and thermal transport properties were carried out using Nanodcal code 23 within a NEGF-DFT theoretical method. In the calculation, the 150 × 150 × 1 k points were adopted. A double-zeta polarized (DZP) atomic orbital basis was used to expand all physical quantities, the exchanges and correlation was treated at the level of a generalized gradient approximation, and the atomic cores were defined using the standard norm-conserving nonlocal pseudopotentials. These calculation details were verified to provide accurate results.
Within the linear response limit, the electrical current and electrical thermal current can be defined by
Here T e (ε) is the electronic transmission function, which can be calculated by the standard nonequilibrium Green's function method, and
For ballistic electronic transport, electronic transmission function can be calculated as
Here, G r e is retarded Green's function, H and S is hamiltonian and overlap matrix, Σ r L and Σ r R are self-energy from left and right semi-infinite leads.
From above equations, we can obtain electronic conductance G, Seebeck coefficient S and thermal conductance κ e 2,24
where
For ballistic phononic transport, the calculation of phonon transmission is similar to electron transmission. The difference is that electron transmission is calculated from hamiltonian matrix H but phonon transmission is calculated from dynamic matrix D which can be obtained by density functional perturbation theory.
From above equations, the phonon transmission function T p (ω) at frequency ω is calculated. And the phonon thermal conductance can be written as 2, 24 
III. RESULTS AND DISCUSSION
To obtain the thermoelectric properties of the mononlayer InP 3 , we first study its electronic transport properties. The electronic band structure is given in Fig. 1(c) , the top of valance bands (E HOMO ) is -0.365 eV, the bottom of conduction bands (E LUMO ) is 0.365 eV. The work of Miao et al has pointed out that the top valence bands are mainly contributed by the P's 3p and In's 5p orbitals. They have also related such dispersion of valance band with the Mexican-hat-like shape to the excellent magnetic, electrical and optical properties in the InP 3 mononlayer 18 . Here, we focus on the thermoelectric property. The characteristic of band structure, especially for the valance bands close to the Fermi energy, benefits largely to the high power factor of the InP 3 mononlayer. There are several bands including both heavy-hole and light-hole bands located at the Γ point near Fermi energy. The light bands contribute to the high mobility. And the heavy bands indicate the large effective masses, which leads to a high Seebeck coefficient since the S is proportional to the effective mass. Additionally, there are several heavy-hole bands, with similar energy value as those at Γ, at M and K points, which exhibits converged characteristic and multi-valley transport in material. On the other hand, the top valance bands close to the Fermi energy (µ = 0) are very flat and intensive, as compared to the conduction bands. This corresponds to a high density of states and will lead to a large transmission coefficient for such valance bands. Fig. 1(d) gives the electronic transmission spectrum along the zigzag direction. A bandgap can also be observed, and moreover the transmission coefficient for the valance bands (below the Fermi energy µ < 0) is indeed evidently larger than that for the conduction bands (µ > 0), which is in consistent with the feature of the band structure.
The electronic conductance G vanishes for chemical potential in the band gap at zero temperature. As the temperature is sufficiently high, transport is mediated by activated electrons and/or holes. Therefore, the nonzero conductance appears inside the bandgap due to the finite temperature. The electronic conductance G as a function of the chemical potential µ is shown in Fig. 2(a) at 200 K, 300 K and 350 K, respectively. It shows that the G below the Fermi energy is evidently larger that above the Fermi energy, and shows a few peaks which correspond to those of the transmission spectrum ( Fig. 1(d) ). Figure 2(b) gives the Seebeck effect S as a function of the chemical potential at temperatures of 200 K, 300 K, and 350 K, respectively. It can be seen that there are two peaks located below and above the Fermi energy, located inside the bandgap. Above (below) the Fermi energy, the S is negative (positive) and its absolute value increases sharply and monotonously until a maxima is reached. For a positive (negative) chemical potential µ > 0 (µ < 0), the major charge carriers are electrons (holes), which flow from the left to the right at a positive temperature difference (∆T ) between the left and right. Therefore, the thermocurrent flows from the right to the left, and thus a positive (negative) voltage is needed to block the current, and hence the S is negative (positive) according to its definition. In addition, the maxima of S increases with the decreasing temperature, showing a sensitive dependents on the temperature. The appearance of the maxima of the S can be ascribed to the relationship of the S ∝ L 1 /L 2 , according to Eq.7. Due to the factor E − µ in L 1 , this function decreases with decreasing temperature faster than L 0 does. Therefore, the interplay of the T dependence of both functions leads to the maxima of the S. The power factor GS 2 at these temperatures is shown in Fig. 2(c) . A sharp peak of power factor is located at µ − E HOMO = 0.018 eV when temperature is 300 K. Fig. 2(d) gives the thermal conductance of electrons κ e as a function of chemical potential µ, which increases with the increasing temperature. Having known the electronic transport properties of the InP 3 monolayer, we now investigate its thermal transport properties. The phonon dispersion curves are shown in Fig. 3(a) , which is symmetrical with respect to the Γ point for the Γ → K and Γ → M directions, suggesting an approximately isotropic thermal properties between the zigzag and armchair directions. There are twenty four curves in the phonon band structure that are contributed by the vibration modes of the two In atoms and six P atoms in the primitive unit cell. The three lowest curves correspond to the three acoustic branches, that is, the z-direction acoustic (ZA) mode, inplane transverse acoustic (TA) mode, and longitudinal acoustic (LA) mode. These three types of acoustic phonon modes have the highest group velocities among all phonon modes, thus they contribute most importantly to the thermal conductance. The group velocity can be calculated by ∂ω/∂k, which are 1.04 kms −1 , 0.72 kms −1 and 0.56 kms −1 for the LA, TA, and ZA phonon modes, respectively. These group velocities are about one order lower than those of the monolayer black phosphorous 25 . On the other hand, the whole dispersions of phonons are very flat and exhibit highly localized properties as shown in Fig. 3(a) , which demonstrates the low group velocities for most band branches. And a low phonon group velocity will lead to weak thermal transport capability, which means a lower thermal conductance, and thus a higher ZT is to be expected.
The phonon transport spectrum is shown in Fig. 3(b) . It shows that the thermal transmission is larger for the the modes with energy lower than 0.02 eV. Importantly, these low energy phonon modes will give a major contribution to the phonon thermal conductance κ p for the temperature below 300 K. The dependence of the κ p on the temperature is shown in Fig. 3(c) . The κ p shows a monotonous increase with increasing temperature. In comparison, the thermal conductance contributed from electrons (κ e ) is also shown in the figure. The κ p is approximately 2 times larger than κ e at 300 K, indicating that the phonon thermal conductance has a lager influence on the thermoelectric properties. Figure 3(c) gives the figure of merit ZT at 200 K, 300 K and 350 K, as a function of chemical potential. We found that there are several ZT peaks located around the Fermi energy, and the maximum ZT is located at µ − E HOMO = 0.046 eV with a large ZT = 3.5 at 300 K. This should be attributed to the large peak of the power factor GS 2 at this chemical energy. Moreover, the maximum ZT increases with the increasing temperature as shown in Fig. 4(a) , with the peak location shifting closer to the Fermi energy. In addition, we found that InP 3 monolayer has an isotropic thermoelectricity properties, as it has an approximately same ZT along both the armchair and zigzag directions, as shown in Fig. 4(b) .
The large ZT (3.5) of InP 3 monolayer at room temperature outperforms that of other 2D materials ever reported, and is rather competitive in commercial applications. We found that the thermal conductance κ p of the InP 3 monolayer is relatively less than several other 2D materials. For example, the nanoribbons of the monolayer black phosphorous has the κ p of 0.71 nWK −1 at 300 K, which is 3.7 times larger than that (0.19 nWK −1 ) of the InP 3 . 25 The calculated thermal conductance of the silicene nanoribbon is > 0.5 nWK −1 at 300 K 8 , which is also larger than that of the InP 3 monolayer. The thermal conductance of 2D arsenene, phoshporene and SnS monolayer is about two orders in magnitude large than that of the InP 3 monolayer, according to the NEGF-DFT calculations. 10 These comparisons suggest that the relatively lower thermal conductance of the InP 3 monolayer takes a major responsibility to its large ZT . It should be noted that the transport of the thermal properties is calculated within the ballistic transport region. It means that other factors like phonon-phonon scattering effects and electron-phonon scattering effects which is important in higher temperatures are not considered. These factors can be safely eliminated below the Debye temperature. We estimated that the Debye temperature is about 380 K, which is obtained by fitting the Debye formula 26 .
where x = ω/k B T . The isometric heat capacity C v can be obtained by
where is the reduced Planck constant, k B is Boltzmann constant, T is the temperature, and ω n (q) is the phonon frequency of the nth branch with wave vector q. We could solve Eq. (14) numerically, and get the temperature-dependent Debye temperature. We determine the Debye temperature, which is the value at the temperature point where the heat capacity is equal to the half of Dulong and Petit value. Above the Debye temperature, all the phonon modes are activated, and the phonon-phonon scattering would dominate in determining the behavior of temperature-dependent thermal conductivity, which would decrease with temperature according to the 1/T relation. More importantly, due to the 2D property of present system of InP 3 , the phonon-surface scattering in decreasing the heat conductivity outweighs the importance of phonon-phonon scattering, which is just like that in many film systems 27 . Then the anharmonic effects is of limited importance, and the ballistic transport is expected to be good in describing the behavior of heat conductance of the InP 3 monolayer at lower temperature. Therefore, the high ZT of 3.5 at 300 K for the InP 3 monolayer is reliable in this work.
In summary, we have studied the intrinsic thermoelectrical properties of the InP 3 monolayer using the quantum transport calculations within the ballistic transport region. Our calculation shows that there are the converged valance band structures near the Fermi energy, which benefits the high power factor in the InP 3 monolayer. More importantly, the low group velocities of phonons leads to the low thermal conductivity. And it leads to high thermoelectric performance of the InP 3 monolayer. Our work gives an insight to searching high ZT materials at room-temperature.
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